The license for this article has been changed to the CC BY 4.0 license. The PDF and HTML versions of the article have been modified accordingly.
Introduction
In recent years, luminescent metal-organic frameworks (MOFs) have been investigated for a variety of applications, including sensing of small molecules, light-emitting devices, and photocatalysts, as well as bioimaging and drug delivery. 1,2 Different components of a framework and interactions between them can give rise to the luminescent behavior such as metal nodes (lanthanides), aromatic organic ligands, metal-to-ligand charge transfer (MLCT) interactions, ligand-to-metal charge transfer (LMCT) interactions, or from guest species. 2, 3 Ligand-based luminescence is particularly advantageous because the optical properties of the material may be fine-tuned via ligand functionalization or postsynthetic modifications 4 . Furthermore, the well-defined crystalline nature of MOF scaffolds affords an excellent platform for studying structurefunction relationships. 5 MOFs assembled from luminescent organic ligands often exhibit similar optical properties to the free ligand. However, these properties are altered to varying degrees due to coordination to the metal, -interactions, as well as MLCT or LMCT interactions. 2, 6, 7 To rationally design luminescent MOFs for specific applications, an in-depth understanding of the excited-state properties of the ligand and the effect of incorporation into a MOF structure is necessary. Herein, two anthracene derivatives, 2,6-anthracenedicarboxylic acid (2,6-ADCA) and 1,4-anthracenedicarboxylic acid (1,4-ADCA), were used to construct the UiO-type Zr-based MOFs, 2,6-MOF and 1,4-MOF, respectively. We recently reported a detailed study of the photophysical properties of these ligands. 8 The addition of two carboxylic acid groups onto the aromatic ring system has a pronounced effect on the behavior of the parent anthracene moiety, which depends on their location and protonation state. The excited state properties of the 2,6-MOF and 1,4-MOF were investigated and compared with those of the free ligand in solution.
Experimental

Materials
2,6-ADCA and 1,4-ADCA were synthesized as previously described and characterized by 1 H NMR spectroscopy. 8 All other chemicals and solvents, including ZrCl 4 , N,N=-dimethylformamide (DMF, HPLC grade > 99%), acetic acid (reagent grade > 99%), and formic acid (reagent grade > 99%), were used as received without further purification from Alfa Aesar, Fisher Scientific, or Sigma-Aldrich.
Synthesis of 2,6-MOF
ZrCl 4 (23.3 mg, 0.1 mmol) and 2,6-ADCA (26.6 mg, 0.1 mmol) were added to a 2-dram vial along with DMF (5 mL) and formic acid (60 equiv). The vial was capped and sealed with Teflon tape and the mixture was ultrasonicated for 15 min. The vial was then placed in an oven and heated at 120°C for 24 h. The reaction solution was centrifuged immediately and the solvent was decanted off. The isolated solid was washed with DMF and centrifuged again until the solution was clear. The DMF was decanted off and the solid was dried under vacuum for 3 days.
Synthesis of 1,4-MOF
ZrCl 4 (23.3 mg, 0.1 mmol) and 1,4-ADCA (26.6 mg, 0.1 mmol) were added to a 2-dram vial along with DMF (3 mL) and acetic acid (80 equiv). The vial was capped and sealed with Teflon tape and the mixture was ultrasonicated for 15 min. The vial was then placed in an oven and heated at 100°C for 12 h. The reaction solution was centrifuged immediately and the solvent was decanted off. The isolated solid was washed with DMF and centrifuged again until the solution was clear. The DMF was decanted off and the solid was dried under vacuum for 3 days.
Powder X-ray diffraction (PXRD)
PXRD patterns of MOF samples were obtained using a Rigaku Miniflex 600 with Cu(K␣) radiation (Cu-K␣ = 1.5418 Å) in continuous scanning mode (10.0°per min) and a resolution of 0.1°2.
Scanning electron microscopy (SEM)
SEM images were collected with a Leo/Zeiss 1550 Schottky fieldemission SEM equipped with an in-lens detector, operating at 5 kV. Le Bail refinement of the 2,6-MOF powder pattern was performed using Rietica for Windows v2.1 software.
Thermogravimetric analysis (TGA)
A Q-series TGA from TA instruments was used to analyze thermal stability of materials. Ten milligrams of sample in a high temperature platinum pan were heated under N 2 from 25°C to 600 or 800°C at a heating rate of 10°C per min.
Gas sorption isotherms
The N 2 sorption isotherm measurements were collected on a Quantachrome Autosorb-1 at 77 K. The samples were placed in a 6 mm large bulb sample cell, which was degassed under vacuum for 24 h at 120°C. The surface areas of the materials were determined by fitting the adsorption data within the 0.05-0.3 P/P 0 pressure range to the BET and Langmuir equations.
Steady-state absorption spectroscopy
The steady-state absorption spectra of the ligands were obtained using an Agilent Technologies 8453 UV-vis diode array spectrophotometer (1 nm resolution) where the spectra were recorded with samples prepared in a 1 cm quartz cuvette. The same instrument was used to obtain diffuse reflectance spectra of MOF powders, where the sample compartment was replaced with an integration sphere. The powder samples were diluted by mixing with BaSO 4 .
Steady-state emission spectroscopy and time-resolved emission lifetimes
Approximately 3 mg of MOF powder were suspended in 3 mL DMF and the sample was continuously stirred during the emission measurements. The ligand samples were prepared at concentrations of ϳ8 mol/L in DMF. The protonated (ADCA) and deprotonated (ADC 2− ) ligand samples were prepared in aqueous solutions, using HCl or NaOH to achieve pH values of ϳ2 and 10.5, respec- Quantum yields of fluorescence and steady-state emission spectra of the ADCA compounds were measured in DMF. The steady-state emission spectra were obtained using the same QuantaMaster Model QM-200-4E where the sample compartment was replaced with an integrating sphere (PTI). The excitation light source was a 75 W Xe arc lamp (Newport). The detector was a thermoelectrically cooled Hamamatsu 1527 photomultiplier tube (PMT). Kinetic traces were analyzed using Origin.
To ensure stability of the MOF and the absence of free linker, the solutions were syringe filtered and emission was monitored at the maximum wavelength of emission for each ligand after the emission experiments were completed.
Results
Synthesis and characterization of 2,6-and 1,4-MOFs
Synthesis of the 2,6-MOF and 1,4-MOF was adopted from previously reported methods for the UiO-66 framework with minor modifications. [9] [10] [11] Briefly, for the 2,6-MOF, 0.1 mmol ZrCl 4 and 0.1 mmol 2,6-ADCA were dissolved in 5 mL DMF along with 60 equiv formic acid as the modulator. The mixture was sonicated for 15 min followed by heating at 120°C for 24 h. To synthesize the 1,4-MOF, 0.1 mmol ZrCl 4 , 0.1 mmol 1,4-ADCA, and 80 equiv acetic acid were added to 3 mL DMF, the mixture was sonicated for 15 min, and then, it heated at 100°C for 12 h. The PXRD patterns of the 2,6-MOF and 1,4-MOF are shown in Figs. 1A and 2A, respectively. The diffraction data confirmed the formation of crystalline materials with a relatively large lattice spacing, as indicated by the presence of peaks below 10°2, a telltale sign of framework structures. SEM images (Fig. 1B) revealed that the 2,6-ADCA MOF forms octahedral particles with an average size of ϳ200 nm. On the other hand, the 1,4-ADCA MOF crystallized into rod-shaped particles, several microns in size (Fig. 2B) . The internal surface area of the synthesized frameworks was assessed using N 2 sorption experiment at 77 K. Fitting the data to the BET model gave 711.49 m 2 g −1 surface area with and a pore volume of 14.86 cm 3 g −1 for 2,6-ADCA analogue ( Supplementary Fig. S1 ). The 1,4-MOF, on the other hand, exhibited a BET surface area of 378.09 m 2 g −1 and pore volume of 52.02 cm 3 g −1 ( Supplementary Fig. S2 ). Thermogravimetric analysis of the MOFs revealed that decomposition of the framework occurs at ϳ450°C for the 2,6-MOF ( Supplementary Fig. S3 ) and ϳ500°C for the 1,4-MOF ( Supplementary Fig. S4 ), as evidenced by a large weight drop due to the ligand breakdown. The initial ϳ20% weight losses are attributed to the removal of solvent molecules from the pores of the MOF. The remaining percent weights (53% for 2,6-MOF and 26% for 1,4-MOF) correspond to ZrO 2 formed after the decomposition of the anthracene linkers. 12
Excited-state properties
To examine how the ground-and excited-state properties of the ligands are affected by coordination to Zr 4+ in the MOF structure, the photophysics of these materials were compared with that of the protonated (ADCA) and deprotonated (ADC 2− ) ligands in solution. The absorption and emission spectra of the ADCA-based MOFs are shown in Fig. 3 (the respective excitation spectra are shown in Supplementary Figs. S6-S7) , along with that of the corresponding protonated (ADCA) and deprotonated (ADC 2− ) ligands.
The absorption spectrum of the 2,6-MOF is significantly broadened compared with that of 2,6-ADCA and 2,6-ADC 2− , whereas the five sharp absorption bands, observed in the spectrum of 2,6-ADCA, are discernable in the framework spectrum. The 1,4-ADC Zr MOF displays a diffuse absorption spectrum, similar to that of 1,4-ADCA ligand. The absorption spectra of the 2,6-MOF and 1,4-MOFs are redshifted by 4 nm and 7 nm, relative to protonated ligands, and 21 nm and 27 nm, relative to deprotonated forms, respectively.
The emission spectrum of the 2,6-MOF closely resembles that of the protonated, 2,6-ADCA ligand, with similar vibronically structured emission bands, and is only slightly blueshifted by ϳ2 nm relative to the free ligand. The 1,4-MOF displays a broad emission, with a maximum ( max ) at ϳ465 nm, in between that of 1,4-ACDA (532 nm) and 1,4-ADC 2− (430 nm).
The fluorescence lifetimes and quantum yields of the MOFs were measured from suspensions in DMF and are listed in Table 1 along with the protonated and deprotonated ADCA ligands. The 2,6-MOF exhibited a mono-exponential florescence decay, with a florescence lifetime ( f ) of 16.6 ± 1.1 ns (Supplementary Figs. S8-S10 ; Supplementary Table S1 ) and quantum yield (⌽ f ) of 0.87 ± 0.04 comparable with that observed for 2,6-ADCA in solution, and are ascribed to linker-based emission. The 1,4-MOF emission decay exhibits bi-exponential behavior, with different lifetime values obtained for the emission decay at in the higher (ϳ400-450 nm) and lower (ϳ500-550 nm) energy regions of the spectrum (Fig. 4 ; Table 1 ). Global analysis of the emission decay yielded lifetime components of 1 = 7.5 ± 0.1 ns and 2 = 19.9 ± 0.1 ns. The shorter lifetime component, 1 , lies between that of 1,4-ADCA and 1,4-ADC 2− , whereas 2 is much longer than the lifetime of either the free 1,4-ADCA or 1,4-ADC 2− ligands in solution.
Discussion
Structural characterization of MOFs
The structures of the 2,6-MOF and 1,4-MOF were analyzed by comparing their powder patterns with the well-known UiO-67 and UiO-66 frameworks, respectively, because crystals large enough for single-crystal X-ray analysis could not be obtained. 13, 14 The PXRD pattern of the 2,6-MOF is compared with that of UiO-67, in which the octahedral [Zr 6 ( 3 -O) 4 ( 3 -OH) 4 ] 12− -clusters are capped by 12 carboxylate groups from biphenyl-4,4=-dicarboxylate (BPDC) ligands resulting in an extended cubic structure. It is expected that functionalization of 2 and 6 positions around the anthracene ring system will result in a ligand with a similar length and shape as BPDC (a priori). The peaks observed in the powder pattern of the 2,6-MOF match well with the simulated PXRD patterns UiO-67. Le Bail refinement of the 2,6-MOF data ( Supplementary Fig. S5 ) indicated a UiO-type structure with a unit cell parameter a = 26.97 Å, which correlates with the length of the 2,6-ADCA ligand. The SEM images show that the 2,6-MOFs form the quintessential octahedral-shaped crystals characteristic of UiO structures.
The binding nature for the 1,4-MOF would likely be similar to that of UiO-66, composed of 1,4-benzenedicarboxylate (BDC) ligands. The PXRD pattern obtained for the 1,4-MOF has distinct similarities to that of UiO-66, although it is not a direct match. The PXRD peaks appear broadened, which may indicate that some amorphous material is present. Furthermore, the SEM images show that the shape of the 1,4-MOF is that of large rod-shaped crystals not expected for UiO-66. These differences could possibly be ascribed to a large degree of defects within the crystal caused by the high steric bulk of the 1,4-ADCA ligand within the UiO-type framework. That said, rod-like structures are exhibited by Zr-MOFs including porphyrinic MOFs in the PCN series. 15 Repeated attempts to synthesize higher quality crystals for advanced structural analysis were unsuccessful (Fig. 5) .
Excited-state properties
The vibronic structure observed in the absorption spectrum of 2,6-ADCA is attributed to the 1 A 1 ¡ 1 L b electronic transitions, polarized along the longitudinal axis of the anthracene plane. Functionalization of anthracene along this axis, at the 2 and 6 positions, with the electron-withdrawing carboxylic acid groups stabilized these transitions, resulting in the observed intense, vibronically structured 1 A 1 ¡ 1 L b bands. 6 The similar vibronic structure observed in the absorption spectrum of the 2,6-MOF indicates that the 1 A 1 ¡ 1 L b transitions remain stabilized upon coordination into the MOF. The emission spectrum of the 2,6-MOF closely resembles that of 2,6-ADCA in solution. Taken together, the similarity between the vibronic bands in the absorption and emission spectra of the framework and the free ligand reveal that incorporation of the 2,6-ADCA derivative into the MOF has negligible effects on the 1 A 1 ¡ 1 L a transition.
The f and ⌽ f of the 2,6-MOF ( f = 16.6 ± 1.1 ns, ⌽ f = 0.87 ± 0.04) are very similar to that of 2,6-ADCA ( f = 15.2 ± 0.2 ns, ⌽ f = 0.82 ± 0.08). They are defined by eqs. 1 and 2, respectively, where k r is the rate of radiative decay and k nr is the rate of nonradiative decay. 20, 21 The slight increase in both the f and ⌽ f could be attributed to steric restraint imposed on the chromophore by the MOF scaffold, which reduces nonradiative decay pathways. 7, 15, 17 The carboxylate functionalities were previously found to display slight resonance interactions with the anthracene unit of 2,6-ADCA, and therefore, rotation of these units resulted in nonradiative energy dissipation in the ligand. 8 The rotation of these functional groups that can occur in dilute solutions is largely suppressed when they are bound to the Zr-oxo clusters.
In contrast to the 2,6-MOF, 1,4-MOF exhibits substantial band broadening and a significant redshift in the observed absorption spectrum. This behavior is indicative of intermolecular interactions (-stacking) between the anthracene moieties. 17 The magnitude of the effect of interactions on the photophysical properties of anthracenes is sensitive to the distance between chromophores, as well as their relative orientation. Considering the short axis of anthracene (7.8 Å) and the size of potential MOF cages in Zr-MOFs, the long axis of 1,4-ADCA (11.8 Å) could potentially protrude into the pore and significantly interact with other anthracenes through a overlap. 17, 19 The photoluminescence data for 1,4-MOF also indicate modulation of the photophysical properties upon MOF incorporation, potentially due to -interactions. The emission spectrum of 1,4-MOF is significantly broadened and does not resemble that of either protonated or deprotonated free linker (ADCA or ADC 2− ). Furthermore, the bi-exponential lifetime behavior of the 1,4-MOF emission indicate the presence of two populations of chromophores. Considering the possibilities, the two populations could result from (1) encapsulated vs. incorporated anthracene linkers, 18 (2) perfect vs. defected attachment of linkers within the framework, or (3) monomeric vs. excimer emission.
Global spectral fitting of the emission spectra enables the determination of the unique emission profiles for the two populations (Fig. 4) . The population exhibiting the shorter lifetime component (7.5 ± 0.1 ns) resembles the emission profile for 1,4-ADC 2− . The observed lifetime is slightly longer than that for 1,4-ADC 2− . We previously showed that the excited-state properties of 1,4-ADCA and 1,4-ADC 2− are significantly affected by both resonance interactions between the carboxylate groups and aromatic plane and free rotation of these functional groups. 8 Coordination of the ligand at the 1 and 4 positions imposes some steric hindrance that limits rotation of the carboxylates and decreases the associated vibrational relaxation pathways, giving rise to a longer fluorescence lifetime. Therefore, we assign the higher energy (shorter lifetime) population to that of monomeric linker emission.
To assign the longer, lower energy emissive population, the three potential situations enumerated above were considered. Due to the dramatically decreased quantum yield (⌽ f = 0.002 ± 0.0001), the third possibility, excimer formation, is most likely. An encapsulated population would be expected to behave similarly to the protonated free linker in solution. A defect population could resemble either protonated or deprotonated linker with similar lifetime and quantum yield. Although the lifetime observed (19.9 ± 0.1 ns) could potentially be expected for a population resembling ADCA in a rigidified environment, the quantum yield suggests otherwise. Excimer formation is known to result in both an increased lifetime and a decreased quantum yield, as observed here. Additionally, excimers exhibit redshifted emission spectra relative to monomeric emission. Considering the assignment of the shorter lived component to monomeric linker emission, the same trend is observed here (435 nm vs. 503 nm). Additionally, excimer formation has previously been observed in anthracene crystals and also resulted in ground state and (or) static quenching. 8, 16 Given the preceding discussion, it is likely that 1,4-MOF forms an excimer between neighboring or adjacent anthracene units facilitated by -interactions.
Conclusions
The photophysics of the two anthracene derivatives, 2,6-ADCA and 1,4-ADCA, were shown to be altered upon coordination to the zirconium-based nodes in the two frameworks, 2,6-MOF and 1,4-MOF. The unique fluorescent properties of the ligands, as well as individual framework structure, resulted in distinctive luminescent behavior. The distances between anthracene units and their orientation within the framework dictate the extent of intermolecular interactions. In the 1,4-MOF, where the anthracene units are in the appropriate orientation and proximity to one another, there is efficient -orbital overlap, giving rise to excimer formation. Whereas in the 2,6-MOF, the anthracene units are spatially separated, and -interactions are considerably weaker, and as a result, the emissive properties resemble that of the free linker in solution. The study provides an example of structure dependence of MOF photophysical properties, which is facilitated by through-space interactions between chromophores. Furthermore, it was demonstrated that luminescent properties of a framework can be controlled by the functionalization of appropriate positions around the anthracene moiety.
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